Abstract The aim of this study was to investigate the extent to which tactile information that is unavailable for full conscious report can be accessed using partial-report procedures. In Experiment 1, participants reported the total number of tactile stimuli (up to six) presented simultaneously to their fingertips (numerosity judgment task). In another condition, after being presented with the tactile display, they had to detect whether or not the position indicated by a (visual or tactile) probe had previously contained a tactile stimulus (partial-report task). Participants correctly reported up to three stimuli in the numerosity judgment task, but their performance was far better in the partial-report task: Up to six stimuli were perceived at the shortest target-probe intervals. A similar pattern of results was observed when the participants performed a concurrent articulatory suppression task (Exp. 2). The results of a final experiment revealed that performance in the partial-report task was overall better for stimuli presented on the fingertips than for stimuli presented across the rest of the body surface. These results demonstrate that tactile information that is unavailable for report in a numerosity task can nevertheless sometimes still be accessed when a partial-report procedure is used instead.
the slopes of the error and reaction time functions, which has led many authors to distinguish between two different enumeration processes: "subitizing," defined as fast and accurate, and "counting," defined as slow and error prone (e.g., Mandler & Shebo, 1982; Peterson & Simon, 2000) . More specifically, subitizing in vision has been estimated to occur for up to (i.e., including) three (see, e.g., Chi & Klahr, 1975) or four (e.g., Atkinson, Campbell, & Francis, 1976; Jevons, 1871; Simons & Langheinrich, 1982; Trick & Pylyshyn, 1994) stimuli. In audition, Kashino and Hirahara (1996) used a simultaneous stimulus presentation procedure to show that participants can estimate almost perfectly the number of talkers for up to two different voices, with their performance decreasing with additional talkers (see also Camos & Tillmann, 2008 , for evidence from an auditory sequential-presentation task).
In the tactile modality, the percentage of errors in counting the number of body locations stimulated at any one time becomes very high (i.e., error rates exceed 30%) when three vibrotactile stimuli are presented, and most of the time performance falls to chance level when four or more stimuli are presented (see Gallace, Tan, & Spence, 2006 ; see also Riggs et al., 2006 , for stimuli presented on the fingertips). Note that Gallace and his colleagues (Gallace, Tan, Haggard, & Spence, 2008; Gallace et al., 2006) found that the accuracy of participants' responses decreased linearly with an increase in the number of stimuli, which suggested no clear distinction between counting and subitizing in touch (although note that Riggs et al., 2006 , did find a distinction between the two enumeration processes in touch; see , for a fuller discussion of this controversy). It is worth noting here that a study by Gallace, Tan, and Spence (2007) investigated numerosity judgments for simultaneously presented visual and tactile stimuli. The results revealed that multisensory numerosity judgments were significantly less accurate than would be predicted by an account that assumes independent, modality-specific resources. In other words, in Gallace et al.'s (2007) study, numerosity judgments for stimuli presented simultaneously in vision and touch were less accurate than would be predicted if one were to sum the performance obtained when the stimuli were presented independently to each modality.
It should be noted that the question of whether there is a single capacity limit or different capacity limits is controversial. According to Wickens (1984) , there is not a single capacity limit (or pool of resources), but rather separate limits (or pools of resources) for separate abilities (e.g., visual and auditory or spatial and verbal; see also Hancock, Oron-Gilad, & Szalma, 2007 , for an extension of the multiple-resources approach to incorporate the tactile modality). On the other hand, according to Cowan (2001) , there does appear to be a single, central capacity limit that can be identified with the focus of attention. Such a pure capacity limit, which is the same regardless of the stimulus modality involved, averages about four items. According to Cowan (2001) , a distinction has to be made between pure and compound STM capacity limits. Pure STM capacity limits can be observed when rehearsal and long-term memory cannot be used to combine stimulus items into larger units, and when storage mechanisms that are not capacity limited (such as sensory, phonological, or spatial stores) do not allow the capacity-limited storage mechanism to be refilled during recall. On the other hand, when these conditions are not fulfilled-that is, when the number of separately held items is unclear-the compound STM limits (which can involve more items than the pure STM limits) can be observed.
An important issue regards the fate of information that has not been explicitly reported (e.g., in numerosity judgment tasks): Was the information that was not reported nevertheless stored, without conscious access to it? Indeed, it has been shown for the various senses that information that has not been explicitly reported during full-report procedures can still be accessed when partial-report procedures are used instead. For instance, Sperling (1960) demonstrated that participants can report an average of four or five letters when they are presented for 500 ms in visual matrices. However, when a partial-report procedure has been used instead, which consisted of an auditory probe indicating the row of the matrix that had to be reported, the storage capacity of participants was estimated at 12-16 visual items. Sperling (1960) interpreted the difference between the two procedures as being attributable to the rapid temporal decay of the visual information, which prevented the recall of all of the items during the full-report task. These items were nevertheless stored in a shorterlasting visual representation, which has been termed "iconic memory" (see Coltheart, 1983; Neisser, 1967 , for reviews). An equivalent, very short-term form of memory has also been reported in the auditory modality, where it has been labeled "echoic memory" (e.g., Cowan, 1984) . In particular, in a study by Darwin and colleagues (Darwin, Turvey, & Crowder, 1972 ; see also Treisman & Roston, 1972) , participants had to report the stimuli presented from three different spatial locations (left ear, middle of the head, and right ear). The performance of participants was lower when they were asked to report all of the stimuli than when they were asked, via a visual cue, to report only the stimuli coming from one of the three locations. In addition, performance was only better in the partial-report task, as compared to the whole-report procedure, when the cue was presented shortly after the stimuli.
Finally, a short-term form of storage has been reported in the tactile modality as well. In an early study, Bliss and colleagues (Bliss, Crane, Mansfield, & Townsend, 1966 ; see also Hill & Bliss, 1968; see Gallace & Spence, 2009 , for a recent review) had their participants associate the 24 interjoint segments of the fingers of both hands (excluding the thumbs) with a letter of the alphabet. Next, up to 12 stimuli were presented to participants on these interjoint segments, and the participants had to try to report all of the positions that were stimulated using the corresponding alphabetical labels. Using this technique, the participants were able to correctly report an average of 3.5 positions. However, when Bliss et al. used a partial-report procedure consisting of cuing one of the locations (i.e., the 8 topmost interjoint positions, the 8 in the middle, or the 8 situated at the bottom of the fingers) instead and asked participants to determine whether or not this location had been stimulated previously, the average number of correct responses increased to 4.5 positions (i.e., 1 more position than when the full procedure was used).
The results of Bliss et al.'s (1966) study might therefore be taken to suggest the existence of a tactile STM store, equivalent to the iconic memory found in vision. However, the poor performance of participants in the full-report task might also reflect the difficulty of the response method that was used (i.e., associating each of the interjoint segments with a letter of the alphabet), which may have diminished the participants' memory capacities. Following on from this hypothesis, used a simpler "fullreport" procedure task-namely, a numerosity judgment task. In this study, the participants were presented with displays consisting of up to seven vibrotactile stimuli on their body surface. Whereas the participants reported up to three stimuli correctly in the numerosity judgment task, their performance increased to the estimated report of five stimuli during a partial-report task, which involved asking the participants whether or not a specific body part had received tactile vibrations, using a tactile probe.
Taken together, these studies reveal that there is a tactile form of STM equivalent to the iconic memory reported in vision. However, three important questions still remain to be answered. First, is STM unimodal in nature (i.e., does it belong strictly to the tactile register), or is it instead multisensory/amodal in nature? Indeed, given the existence of extensive crossmodal links in spatial attention and in the cognitive and neural systems underlying the representation of space (see, e.g., Spence & Driver, 2004 , for a review), one might predict that the processes underlying the encoding of tactile stimuli presented on the body have multisensory components as well. If this were to be the case, the modality of presentation of the probe should not have any effect on participants' performance. In order to investigate this specific question, Experiment 1 was designed to incorporate a partial-report task with both tactile and visual probes.
Second, given that the participants' ability to report tactile positions was not affected by the nature (i.e., the modality) of the probe in Experiment 1, the question arose as to whether or not the encoding of these positions was semantic. In order to investigate this question, Experiment 2 involved an articulatory suppression task that allowed us to control for any semantic encoding of the positions of the tactile stimuli.
The final experiment reported here investigated whether or not similar processes underlie the processing of tactile stimuli presented on the fingertips and across the rest of the body surface. It is certainly true that people more frequently attend to tactile stimuli presented to their fingers than to those presented elsewhere on their body; in addition, relative to the surface area concerned, more neural processing is given over to the hands than to other parts of the body surface (see, e.g., Nakamura et al., 1998; Narici et al., 1991; Penfield & Rasmussen, 1950) . If we consider this observation along with the fact that practice improves tactile sensitivity to stimuli presented to various body sites (see Craig & Belser, 2006; Kóbor, Füredi, Kovács, Spence, & Vidnyánszky, 2006) , the question naturally arises as to whether there are differences in the duration and/or capacity of STM representations of stimuli presented on the fingers versus on the rest of the body surface. To investigate such possible differences, in Experiment 3 we compared the performance of participants in a partial-report task when tactile stimuli were presented on their fingertips versus across the rest of their body surface. Furthermore, since the fingers are easier to label verbally than the rest of the body surface, our final experiment also involved a concurrent articulatory suppression task.
Experiment 1
Experiment 1 had two aims: First, to investigate whether participants would demonstrate enhanced access to tactile STM for stimuli presented on their fingertips when performing a partial-report task, as compared to when they performed a numerosity judgment task. The second aim was to compare the effects of tactile and visual probes on participants' ability to report tactile stimuli during the partial-report task. In order to investigate these aims, the participants performed three experimental conditions. In the first condition, they had to report the total number of stimuli making up a display of up to six tactile stimuli presented on their fingertips (numerosity task). In the second condition, the participants had to detect whether or not the position indicated by a visual probe presented at a variable delay after the offset of a tactile display had previously contained a tactile stimulus (i.e., partial-report task with a visual probe). Finally, the participants had to determine whether or not a tactile stimulus had been presented at the position indicated by a tactile probe (i.e., partial-report task with a tactile probe).
Method
Participants A total of 16 participants (10 female, 6 male) took part in this experiment (mean age of 23 years, range from 19 to 26 years). All had normal or corrected-to-normal vision and reported normal tactile perception. They received a £5 (U.K.) gift voucher in return for their participation. The experiment took approximately 45 min to complete and was performed in accordance with the ethical standards laid down in the 1991 Declaration of Helsinki.
Materials and procedure
The participants sat on a chair in an experimental chamber for the duration of the experiment. They were presented with vibrotactile stimuli delivered by means of eight resonant-type tactors (Part No. VBW32; Audiological Engineering Corp., Somerville, MA) with 1.6 × 2.4 cm vibrating surfaces. The vibrators were driven by means of a custom-built nine-channel amplifier circuit (Haptic Interface Research Laboratory, Purdue University, Purdue, IN) that drove each tactor independently at 290 Hz (close to its resonant frequency). One tactor was placed on each finger of each of the participant's hands by means of Velcro strip belts. Green LEDs were mounted at the same position as each tactor but on the other side of the belts (see Fig. 1 ). The LEDs were driven by means of a custom-built relay box. The activation of each tactor and LED was controlled via the serial and parallel ports of a computer running custom software written in MATLAB 6.0. The intensity of each tactor was adjusted individually at the beginning of the experimental session in order that each vibrotactile stimulus could be perceived clearly and all of the vibrotactile stimuli were perceived to be of similar intensities. The amplification levels of the tactors were kept at their individually chosen levels throughout the experiment. White noise was presented over closed-ear headphones at 70 dB(A) in order to mask any sound made by the activation of the tactors.
The participants completed three experimental conditions in three separate sessions. In one condition (the numerosity judgment task), the stimuli consisted of 200-ms-long vibrations delivered via a variable number of tactors. The number of tactors activated on each trial varied randomly between one and six. For each number of tactors, different patterns of activation were chosen randomly from among all possible stimulus combinations involving the participants' eight fingers (i.e., excluding their thumbs). The participants were instructed to indicate verbally the number of active tactors that they perceived on each trial. Their responses were recorded on the computer by the experimenter. Each number of tactors (i.e., from one to six) was presented 12 times, giving rise to a total of 72 trials for each participant.
In the second experimental condition (the partial-report task with a visual probe), a tactile display composed of one to six vibrotactile stimuli was presented to a participant's fingertips for 200 ms. After a variable interval from the onset of the tactile display, one of the LEDs on the participant's body was illuminated for 50 ms. Four intervals (i.e., stimulus onset asynchronies, or SOAs) between the tactile display and the onset of the light were used: 100, 300, 1,000, and 2,500 ms. The participants placed their right foot on two foot pedals. They were instructed to raise their heel if the tactile stimulus had been presented in the position indicated by the light (i.e., hereafter "the visual probe") and to raise their toe if no tactile stimulus had just been presented at the position indicated by the visual probe. Half of the participants performed the experiment with the reversed foot-pedal arrangement. The participants were instructed to respond as accurately as possible. In half of the trials, the probe was presented in a position that had been previously stimulated by one of the tactors (the coincident condition), while in the remaining trials the light was randomly presented in one of the other, unstimulated positions (the noncoincident condition). For each number of stimuli composing the display (one to six) and for each target-probe SOA, 10 trials were presented, giving rise to a total of 240 trials completed by each participant. The participants could make their unspeeded discrimination responses at any time up to 4,000 ms after the onset of the probe (at which point, the trial was terminated). No feedback was given regarding the correctness of a participant's responses.
The third experimental condition (the partial-report task with a tactile probe) was similar to the second condition, except that instead of a light, the probe consisted of the activation of one of the tactors for 50 ms. The order of presentation of these three experimental conditions was randomly varied across participants. The participants were given 10 practice trials of the corresponding condition just before starting each of the three main experimental conditions.
Results
Trials on which the participants failed to make a response before the trial was terminated (less than 1% of trials overall) were not analyzed. The data concerning the mean percentages of errors in the numerosity judgment task were submitted to a repeated measures ANOVA with the factor of Number (six levels). This analysis resulted in a significant main effect [F(5, 75) = 82.41, p < .0001, η p 2 = .85]. A Duncan post-hoc test highlighted significant differences between each pair of consecutive numbers (all ps < .05), except for the comparison between five and six stimuli (p = .9). For each number, the mean percentage of errors was then compared with chance-level performance (83.3% errors; i.e., with six responses available to participants, the probability of responding correctly by chance equals 100/6 = 16.7%) by means of planned ttests. This analysis revealed that participants performed significantly better than chance for displays consisting of up to three stimuli (all ps < .001), but not for displays composed of four (p = .7), five, or six stimuli (note that performance for the displays composed of five and six stimuli was significantly different from chance, ps < .05, but in this case, the performance was significantly worse than chance level; see Fig. 2a ). It should be noted that the errors typically consisted of participants underestimating the number of stimuli presented (see Fig. 2b ). This result is consistent with previous studies using a similar task (see, e.g., Gallace, Tan, Haggard, & Spence, 2008; Gallace, Tan, & Spence, 2006 .
The mean percentages of errors in the partial-report task were submitted to a repeated measures ANOVA with the factors of Modality (tactile vs. visual probe), Number (six levels), SOA (four levels), and Probe (coincident vs. noncoincident). The analysis revealed no significant effect of modality [F(1, 15) = 3.13, p = .10, η p 2 = .11] or SOA [F < 1, n.s., η p 2 = .06], but it did reveal a significant main effect of number [F(5, 75) = 59.20, p < .0001, η p 2 = .80]. A Duncan post-hoc test performed on the Number factor revealed significant differences between each pair of consecutive numbers (all ps < .01), except for the comparison between five and six stimuli (p = .13). Each time, the smaller the number, the better was participants' performance. The analysis also revealed a significant main effect of probe [F(1, 15 A Duncan post-hoc test conducted on the interaction between probe and number revealed that participants' performance was significantly worse when the probe location was coincident (i.e., when the probe was displayed on a finger that had previously been stimulated) than when it was presented on an unstimulated finger, for all displays (all ps < .01) except those consisting of just a single stimulus. A Duncan post-hoc test on the interaction between SOA and probe revealed that when the probe was coincident with one of the tactile stimuli, there were significant differences in performance between the 100-ms SOA and all other SOAs (i.e., 300, 1,000, and 2,500 ms; all ps < .05), between the 300-and 2,500-ms SOAs, and between the 1,000 and 2,500 ms SOAs (all ps < .01). In each case, the shorter the SOA between the tactile display and the probe, the better was participants' performance. With the presentation of a noncoincident probe, performance differed significantly between the 100-ms SOA and all other SOAs (i.e., 300, 1,000, and 2,500 ms; all ps < .05), with worse performance being observed at the 100-ms SOA. Thus, participants' performance only decreased with increasing delays in the coincident probe condition.
For each modality, number, and SOA, the mean percentage of errors was compared with chance-level performance (i.e., 50% correct) using ttests. This analysis revealed significant differences from chance for displays composed of one to four stimuli for all SOAs in both modality conditions (all ps < .01). For displays composed of five stimuli, performance was significantly different from chance for all SOAs (all ps < .05), except for the 1,000-and 2,500-ms SOAs in the tactile probe condition and the 300-and 2,500-ms SOAs in the visual probe condition. For displays composed of six stimuli, performance was significantly different from chance for all combinations of stimulus presentation (ps < .05), except at the 2,500-ms SOA in the tactile probe condition and the 100-, 1,000-, and 2,500-ms SOAs in the visual probe condition.
Given that the difference between the tactile and visual probe conditions did not result in any significant differences in our initial analysis, the data obtained from these two conditions were collapsed in our subsequent analysis. The mean percentages of errors in these two grouped conditions were subsequently compared with chance-level performance using ttests. It should be noted here that when the two groups were collapsed (and only in this case), the total number of trials involved in the computation of chance-level performance for each of the different conditions was greater for the partial-report task than for the numerosity task. The results revealed that participants' performance was significantly better than chance for all combinations of stimuli (ps < .05) except for six stimuli at the 2,500-ms SOA.
Discussion
The first important result to emerge from the analysis of Experiment 1 was that participants were only able to identify at above chance-level performance up to three stimuli in the numerosity judgment task. However, when using a partial-report procedure, the participants were able to report at above chance-level performance whether or not a given finger has been stimulated when four fingers were stimulated, and this was true no matter what the SOA. They were also able to respond appropriately in the task when as many as six fingers were stimulated at the shortest SOAs. Thus, the identification of the stimulated fingers, although not accessible in terms of the full report of the total number of stimuli that had been presented, nevertheless remained accessible when participants performed a partial-report task with an appropriate poststimulus probe. This result is consistent with previous findings in the visual (e.g., Sperling, 1960) and auditory (Darwin et al., 1972) modalities, as well as with findings in the tactile modality when the stimuli were displayed across the body surface (Gallace, Tan, Haggard, & Spence, 2008) . It should be noted here that the better performance in the partial-report task than in the numerosity judgment task cannot be accounted for simply in terms of potential differences in the difficulty of performing the second task. In order to investigate this hypothesis, Gallace, Tan, and Spence (2008) performed a control experiment using materials similar to those utilized in the present study. In that experiment, the participants performed both a task in which they had to report the number of stimuli that were presented (a numerosity judgment task) and a task in which they had to report the position of all of the stimuli that were presented (a position report task). The results revealed better performance in the numerosity judgment task than in the position report task. These results therefore indicate that the numerosity judgment task was not more difficult than the full position report task.
The second important result to emerge from the analysis of the results of Experiment 1 was that performance in the partial-report task was unaffected by the modality of the probe. Two hypotheses can be put forward to explain this particular result. First, it might be the case that the visual probe is translated into a tactile form for comparison with tactile memory. Alternatively, it might also be the case that information regarding the spatial positions that have been stimulated via a given sensory modality is not stored exclusively in a format specific to the modality of presentation of the stimuli. It has been suggested elsewhere that some spatial stimulus properties are extracted and held in a more abstract, possibly amodal, format (e.g., see Abravanel, 1981 ; see also Auvray, Gallace, Tan, & Spence, 2007) . The latter view can also be related to the literature on visual STM. In particular, it has previously been suggested that the information from a visual scene that is stored for later report or comparison is typically represented in an abstract, nonvisual code (see Irwin & Andrew, 1996 , for a review).
Finally, in Experiment 1, there was a difference in performance as a function of whether or not the probe was displayed at a previously stimulated location, a result that occurred in the partial-report task. First, participants' performance was better overall with noncoincident probes than with probes presented at a coincident location. In addition, the results revealed that, under conditions in which the probe location was coincident, the longer the interval between the presentation of the tactile display and the probe, the worse participants' performance became. Thus, in this experiment, the encoding of the positions that were tactually stimulated was subject to temporal decay. However, given that the question of the nature of this encoding remains open, Experiment 2 was designed to investigate whether or not the knowledge of the locations that were stimulated was stored semantically.
Experiment 2
Experiment 2 was designed to investigate the nature of the encoding of the positions of the tactually stimulated fingers. It might be argued that the locations of the stimuli on the participants' fingers could have favored a linguistic encoding of spatial location (see Kemmerer, 2006 , for a review). In order to investigate whether or not knowledge concerning the stimulated locations is semantic in nature, Experiment 2 involved a concurrent articulatory suppression task. This verbal dual task involving interference was included in order to diminish the verbal resources that the participants would have available to them for encoding the tactually stimulated locations (see Mahrer & Miles, 2002; Miles & Borthwick, 1996) . We hypothesized that if participants' ability to report the stimulated fingers was not due to a verbal encoding of the spatial location, the concurrent task should not have any effect other than to result in an overall decrease in their performance. In particular, there should not be any interaction between SOA and the presence versus absence of such a concurrent task. Indeed, it has been hypothesized that a global decrease in performance without any interaction with SOA suggests that the decrease in performance is due to the difficulty of performing a concurrent task, and should not be attributed entirely to the impossibility of using a verbal rehearsal strategy (see Mahrer & Miles, 2002) .
Method
A group of 20 new participants (12 female, 8 male; mean age of 23.5 years, range from 19 to 32 years) took part in this experiment. All of the participants reported normal tactile perception. The experiment took approximately 45 min to complete, and the participants received a £5 gift voucher in return for their participation.
The experimental setup and procedure were the same as for Experiment 1, with the following exceptions. In addition to the numerosity judgment block, participants completed two partial-report blocks with a tactile probe. One of these blocks was performed in the same manner as in Experiment 1, but in the second block, the participants were instructed to repeat the letters "A" and "B" continuously while performing the main detection task (i.e., a partial report with concurrent articulatory suppression task). As in Experiment 1, the SOAs between the presentation of the vibrotactile pattern and the presentation of the tactile probe were set at 100, 300, 1,000, and 2,500 ms. In each of the two partial-report blocks, 10 trials were presented for each number of stimuli presented and for each SOA, giving rise to a total of 480 trials completed by each participant for the two partial-report blocks.
Results
Trials in which the participants failed to give a response before the trial was terminated (less than 1% of trials overall) were not analyzed. The mean percentage of errors in the numerosity judgment block was submitted to a repeated measures ANOVA with the factor of Number (six levels). This analysis resulted in a significant effect [F(5, 95) = 190.38, p < .0001, η p 2 = .91]. A Duncan posthoc test highlighted significant differences between each pair of consecutive numbers (all ps < .01), except for the comparison between five and six stimuli (p = .52). For each number, the mean percentage of errors was then compared with chance-level performance (i.e., 16.7% correct) using t tests. This analysis revealed that performance was significantly better than chance for displays composed of up to three stimuli (all ps < .001), but not for displays composed of four or more stimuli (performance for displays composed of five and six stimuli was significantly different from chance, ps < .05, but only because it was worse that chance level; see Fig. 3a) .
The mean percentages of errors in the partial-report blocks were submitted to a repeated measures ANOVAwith the factors of Filler Activity (silence vs. articulatory suppression), Number (six levels), SOA (four levels), and Probe (coincident vs. noncoincident). This analysis revealed significant main effects of filler activity [F(1, 19) A Duncan post-hoc test with the factor Number showed significant differences between each pair of consecutive numbers (all ps < .01), except for the comparison between the presentation of five and six stimuli (p = .62). A Duncan post-hoc test conducted on the interaction between probe and number revealed that participants' performance was significantly worse when the probe location was coincident than when it was not for all display sizes (all ps < .01) excepting one or two stimuli.
For each combination of filler activities, SOA, and numerosity, the mean percentages of errors were then compared with chance-level performance (i.e., 50% correct) using ttests. This analysis revealed significant differences from chance for all combinations (all ps < .01) except the articulatory suppression condition for five and six stimuli at the 2,500-ms SOA.
Discussion
Performance in the partial-report task remained higher than in the numerosity task, and this was true no matter whether the participants performed a concurrent articulatory suppression task or not. Thus, consistent with the results of Experiment 1, the participants in Experiment 2 were only able to identify three stimuli correctly at a level above chance performance in the numerosity judgment task. However, when the partial-report procedure was used instead, participants performed at an above-chance level whether or not a given finger has been stimulated when up to six fingers received stimuli at the shortest SOAs; this was the case for both of the conditions of filler activity (silence and articulatory suppression). The second important result to emerge from the analysis of the results of the partial-report task performed in Experiment 2 was that articulatory suppression resulted in a significant decrease in participants' performance as compared with the silent condition. However, there was no significant interaction between filler activity (silence vs. articulatory suppression) and SOA. The absence of such an interaction suggests that it is unlikely that the participants relied solely on linguistic processes to perform the partialreport task. Indeed, as will be further detailed in the General Discussion, two different processes-not mutually exclusive-may be involved in memory for tactile locations. The first process, a sensory form of tactile memory, is thought to be unaffected by rehearsal processes, to be subject to temporal decay, and to be present mainly at short intervals. The second, which involves a linguistic component, is affected by rehearsal processes and can be present at long intervals (see Gilson & Baddeley, 1969) . As a consequence, if the memory for tactile locations was only coded linguistically, first, performance should have been at chance in cases in which there was a concurrent articulatory suppression task, and second, performance should not have been affected by increasing SOAs. Note that, in Experiment 2, participants' performance was above chance level in the articulatory suppression condition and decreased with increasing delays.
Alternatively, if two different processes (sensory and linguistic) are involved, the results are then likely to show an interaction between filler activity and SOA (see Gilson & Baddeley, 1969; Mahrer & Miles, 2002 ; see also Jonides, Lewis, Nee, Lustig, Berman, & Moore, 2008, for a review). Indeed, the results should indicate that the SOA factor has less effect in those conditions without articulatory suppression (since the memory of the target locations can be rehearsed and maintained over long intervals) and more effect in conditions with articulatory suppression (since the linguistic component is thought to be impaired, and the sensory form of memory is subject to temporal decay). Thus, the absence of any interaction between filler activity and articulatory suppression reported in Experiment 2 suggests that it is unlikely that the participants relied solely on a verbal encoding of which fingers had been stimulated.
Rather, the overall decrease in performance in the articulatory suppression conditions of Experiment 2 can also be attributed to such a resource-consuming procedure, which might have impaired the participants' capacity to remember for subsequent report the stimuli that had been presented (e.g., see de Fockert, Rees, Frith, & Lavie, 2001) , and/or to the fact that performing such a task ends up adding irrelevant information into STM (see, e.g., Neath & Nairne, 1995) .
Finally, the results obtained in the partial-report task revealed that participants exhibited worse performance when the probe was displayed at a previously stimulated location than when it was not. It thus seems that the participants' knowledge that "there was no stimulation at that location" is less prone to error than their access to the location that has been stimulated previously. To the best of our knowledge, such a result has not been reported previously in the STM literature when the stimuli happened to be displayed simultaneously. However, some data exist in the case of successively presented stimuli. For example, in a study by Sternberg (1966) , participants were presented with sequences of one to six digits. Next, a test stimulus was displayed, and the participants had to determine whether or not it was part of the sequence (item recognition task). The low error rate (1.4%) did not allow for comparison between positive and negative responses. However, analyses of the reaction time data revealed that participants were faster at saying that a stimulus was there than at reporting that a stimulus was not there. The results also revealed that the mean reaction times increased linearly with the length of the sequence, and that this occurred for both positive and negative responses.
It should be noted that, in a variation of this paradigm (the context recall task; see Sternberg, 1967) , participants had to locate the test digit in the sequence. In other words, they had to report the digit that was displayed just after the test digit. The reaction time results were similar to those in the item recognition task: The latencies increased linearly with list length. According to Sternberg (1966) , the fact that in the two tasks (item recognition and context recall) reaction times increased linearly with both positive and negative responses indicates that the process is not "self terminating" (i.e., a positive response is initiated as soon as a match occurs). Rather, the process is "exhaustive"; that is, all of the items in the list are compared to the test item before an answer is made. It is also worth mentioning here that, on an item recognition task similar to Sternberg's (1967) paradigm, Murray (1986) found that errors increased following articulatory suppression, while mean reaction times did not. The author hypothesized that articulatory suppression affects registration in memory for some items, but does not affect the recognition time required for other items in the list. In addition, Clifton and Tash (1973) reported that the rates of memory search were similar for letters, one-syllable words, and three-syllable words, although the time to encode the memory probe was greater in the latter case. Clifton and Tash took their results to suggest that the representations of remembered items are not articulatory.
Experiment 3
Experiment 3 was designed to investigate whether or not tactile stimuli are stored in similar manners when they are presented on the fingertips versus across the body surface. Indeed, the difference in people's degrees of practice (or previous experience of being stimulated) on the different body sites might lead to greater tactile STM capacity when the stimuli are presented on the fingertips than when they are presented on the rest of the body surface. Experiment 3 used a partial-report procedure for stimuli presented on these two body sites in order to investigate any such differences. In addition, given that the fingers are easier to label than the rest of the body surface, Experiment 3 also involved a condition with a concurrent articulatory suppression task. Although the results of Experiment 2 tended to indicate that it is unlikely that the participants verbally rehearsed the bodily locations that had been stimulated, any difference in the influence of such an articulatory suppression task on the two body sites might provide additional insights into the differences in tactile STM, as well as into any differences in participants' strategies for stimuli presented on the body versus on the fingertips.
Method
A group of 14 new participants (9 female, 5 male) took part in this experiment (mean age of 24 years, range from 18 to 33 years). All of the participants reported normal tactile perception. The experiment took approximately 45 min to complete, and the participants received a £5 gift voucher in return for their participation.
The participants completed four blocks of experimental trials involving a partial-report procedure similar to the one presented for Experiments 1 and 2, with the following exceptions. In the first block of trials, participants were presented with a tactile display composed of up to five stimuli from eight possible locations on their fingers. The task here was the same as in Experiment 2. In the second block of trials, participants performed the same task while at the same time performing a concurrent articulatory suppression task (i.e., repeating the letters "A" and "B" continuously). In the third and fourth blocks of trials, participants performed the same conditions as in the first and second blocks, but this time the tactile stimuli were presented on their backs instead of their fingertips. A large belt with Velcro strips was used to make sure that the distances between the tactile stimuli were similar for the finger and bodily locations. At the beginning of the experiment, each participant placed his or her fingers on the belt in a comfortable position. The tactors were subsequently placed at these locations (under the participant's fingertips) on the belt and fixed by means of the Velcro strips. In the body condition, the tactors were kept at the same locations on the belt, which was placed on the participant's belly.
The SOAs between the presentation of the vibrotactile pattern and the probe were set at 1,000, 2,000, and 4,000 ms. The presentation order of the four blocks of trials was randomly varied across participants. In each block, 8 trials were presented for each number and each SOA, giving rise to a total of 480 trials completed by each participant in the four blocks of trials. Before completing the experimental conditions, the participants were given 10 practice trials in each of the four conditions.
Results
Trials in which the participants failed to give a response before the trial was terminated (less than 4% of trials overall) were not analyzed. The mean percentages of errors were submitted to a repeated measures ANOVA with the factors of Location (finger vs. body), Filler Activity (silence vs. articulatory suppression), Number (five levels), SOA (three levels), and Probe (coincident vs. noncoincident). The analysis revealed a significant main effect of location [F(1, 13) = 14.91, p < .01, η p 2 = .53], with better performance being reported when the stimuli were presented on the participants' fingertips than when they were presented across their body surface. The analysis also revealed a significant main effect of number [F(4, 52) = 94.75, p < .0001, η p 2 = .87], with performance decreasing with increasing display size (see Fig. 4 ). The analysis did not reveal any significant main effect of filler activity [F(1, 13) = 3.02, p = .10, η p 2 = .18], probe [F < 1, n.s., η p 2 = .06], or SOA [F < 1, n.s., η p 2 = .07]. However, the analysis did reveal a significant interaction between probe and number [F(4, 52) = 9.11, p < .0001, η p 2 = .41], between filler activity and number [F(4, 52) = 2.89, p < .05, η p 2 = .18], and between probe and SOA [F(2, 26) = 5.04, p < .05, η p 2 = .27]. There were no other significant interactions. A Duncan post-hoc test conducted on the interaction between probe and number revealed that performance was significantly worse when the probe location was coincident than when it was not for one, three, four, and five stimuli (all ps < .01). A Duncan post-hoc test conducted on the interaction between filler activity and number revealed that performance was significantly worse with filler activity for three and four stimuli (ps < .05). Finally, a Duncan post-hoc test conducted on the interaction between probe and SOA revealed that when a coincident probe was presented, there were significant differences in performance between the 1,000-and 4,000-ms SOA conditions (p < .01) and between the 2,000-and 4,000-ms SOA conditions (p < .05), with worse performance being reported at the longer SOA. There were no significant differences between the different SOAs in the noncoincident probe condition.
Discussion
The first result to emerge from the analysis of the results of Experiment 3 was that participants' performance was better when the tactile pattern was presented to their fingertips than when it was displayed across the rest of their body surface. This was true no matter whether participants performed a concurrent articulatory suppression task or not. Such differences in tactile STM for the fingertips versus the body had been expected for at least two reasons. First, differences in the duration and/or capacity of shortterm representations of stimuli presented on the fingertips versus the rest of the body surface might arise from the fact that a relatively greater proportion of the somatosensory cortex is given over to the representation of the hands than to other parts of the body (e.g., Nakamura et al., 1998; Narici et al., 1991; Penfield & Boldrey, 1937) . That is, the size of the neural representations on the somatosensory cortex might differentially constrain the duration, capacity, and/or access to tactile information presented in different locations on the body surface. Indeed, it should be noted that the suggestion has been made that tactile short-term memories are organized somatotopically, following the organization of somatosensory cortex in the brain (e.g., Gallace & Spence, 2009; Harris, Harris, & Diamond, 2001) . Second, most people are simply more experienced at discriminating tactile stimuli using their hands than using other parts of their body surface, and practice can lead to greater tactile sensitivity (e.g., see Hodzic, Veit, Karim, Erb, & Godde, 2004 , for an fMRI study highlighting the neural correlates of practice in tactile discrimination tasks).
The second important result to emerge from Experiment 3 was that participants' performance was impaired when they performed a concurrent articulatory suppression task (however, only when three and four stimuli were displayed). More importantly, there was no interaction between filler activity (silence vs. articulatory suppression) and SOA. Thus, it is unlikely that the participants verbally encoded the stimulated locations in any of the body site conditions. In addition, it should also be noted that the duration of stimulus presentation used in our experiments (200 ms) might have been short enough to have prevented participants from coding the bodily locations verbally. Relevant to this argument are the results of a study by Le Clec'H et al. (2000) in which participants were presented with written or spoken names of body parts. The average reaction time to determine whether or not a particular body part was higher than the shoulder of a standing person was greater than 860 ms. In our study, the duration of tactile stimulus presentation was only 200 ms, and the shortest SOA between stimulus presentation and the probe (which gave rise to the best performance) was set at 100 ms. Thus, on the basis of Le Clec'H et al.'s data, it would appear unlikely that participants in the experiments reported here used a verbal code to perform the task.
General discussion
In the study reported here, we investigated tactile STM using both a numerosity task and a partial-report procedure. In Experiment 1, the participants were presented with displays consisting of up to six tactile stimuli presented on their fingertips. They had to either report the total number of stimuli composing the display or detect whether or not the position indicated by a probe (visual or tactile) had previously contained a tactile stimulus (partial-report task). The first important result to emerge from Experiment 1 was that participants were only able to identify three stimuli correctly in the numerosity judgment task. However, when using a partial-report procedure, they correctly reported up to six stimuli at the shortest SOAs. This result reveals that some of the tactile information regarding the identification of the fingers that were stimulated, although not available for full report in the numerosity task, could nevertheless still be accessed by means of a partial-report procedure. It should be noted that previous visual studies have demonstrated that, at short intervals, the superiority of partial-over whole-report procedures is dependent on the selection criterion that is required to report the stimuli. Indeed, such a partial-report superiority effect has been found when selection was performed according to spatial location (e.g., report the items located at a specific position on a display, such as the top row; see Averbach & Coriell, 1961; Sperling, 1960) , color (e.g., report only the letters written in a specific color; see Clark, 1969; von Wright, 1968) , brightness and size (von Wright, 1968) , and shape (Turvey & Kravetz, 1970) . However, such a superiority effect was not found when participants had to report either the letters or the digits in a display (Sperling, 1960) . Thus, the superiority of partial over whole report when the selection criterion was based on spatial location was extended in our study so as to include stimuli presented in the tactile modality.
The second result to emerge from the partial-report conditions of Experiment 1 was that worse performance was observed when the probe was displayed at a previously stimulated location than when it was displayed at another location. It thus appears that access to the stimulated locations is more prone to errors than is access to the unstimulated locations. Furthermore, performance declined with increasing delays specifically in those conditions in which the probe was displayed at a previously stimulated location. Note that similar results were reported for Experiment 3. One possible explanation for this result is that the process of responding is asymmetric for the positive set (i.e., the stimulated locations) and the negative set (i.e., the unstimulated locations). It may be that only the positive set is searched, and thus that only the memory of this set fades with increasing SOA. Alternatively, these results might suggest the presence of two processes. The first would be dependent on delays and would reflect the decay of a short-term tactile representation, similar to previous findings in vision (Sperling, 1960 (Sperling, , 1963 . The second process would be independent of delay and related to the fusion (or merging) of the tactually stimulated locations into an overall pattern. Indeed, although in Sperling's (1960) visual studies the letters had both a clear localization and a clear identity, the tactile stimuli used in our experiment only differed in their spatial component, which could somehow be fused in a compound pattern (or percept) whose elements could not be individuated easily. The probe might subsequently have allowed for the individuation and retrieval of those elements. In addition, it should be mentioned that since our tactile stimuli were presented simultaneously, this could have led to masking effects and contributed to participants' confusion at the level of the stimulus encoding (Alluisi, Morgan, & Hawkes, 1965 ; see also Coltheart, 1980 , for a similar impairment in visual and auditory STM resulting from the presence of masking). Such masking effects might have led to some asymmetries and/or inconsistencies in the results reported here.
The third important result to emerge from Experiment 1 was that in the partial-report task, participants' performance was similar, no matter whether the probe was visual or tactile. This result might be taken to suggest that the information regarding the fingers that were tactually stimulated was not stored in a strictly tactile format. This result is consistent with numerous previous studies that have examined the interaction between vision, touch, and proprioception and have revealed the existence of multisensory/amodal spatial representations that code external events with respect to an observer's body (see Auvray, Gallace, Hartcher-O'Brien, Tan, & Spence, 2008; Spence & Driver, 2004) . In addition, this result might also be taken to suggest that conscious information processing in the tactile modality cannot be completely separated from the more general processing of spatial information (see , for a review). In particular, tactile information regarding the locations that are stimulated sometimes involves a spatial component, in order to allow for knowledge of which part of the body was stimulated.
However, following on from the suggestion that the spatial information accessed through a given sensory modality is extracted and held in an amodal format (see Abravanel, 1981) , the question arises as to whether or not the encoding of such spatial information is linguistic. To date, previous studies of tactile memory have investigated the influence of a concurrent articulatory suppression task on participants' performance with only a single stimulus or with several stimuli presented successively, but never when several tactile stimuli were presented simultaneously. Experiment 2 was designed to investigate the role of rehearsal processes in tactile STM for stimuli that had been presented simultaneously. To address this question, a partial-report task was used together with a concurrent articulatory suppression task. The main result to emerge from this experiment was that, although there was a global decrease in performance in the articulatory suppression condition as compared with the silent condition, there was no significant interaction with SOA. This means that it is unlikely that the participants performed the task solely by relying on linguistic processes.
It should be mentioned that, to date, no agreement has been reached concerning the nature of the encoding of tactile information. In the extant literature, most of the studies using a single tactile stimulus have adopted a tactile analogue of the Brown-Peterson distractor task (Brown, 1958; Peterson & Peterson, 1959) . In this paradigm, an unseen tactile stimulus is presented on the participant's forearm. After a variable delay, the participant has to point at the previously stimulated location. Any decrease in the accuracy of participants' pointing with increasing delay is taken to suggest a decay of the tactile information stored in memory. During the delay period, the participants could either remain silent or perform a concurrent articulatory suppression task in order to interfere with any verbal rehearsal strategy that they might have been using. Using this procedure with SOAs varying from 0 to 60 s, Gilson and Baddeley (1969) reported an interaction between SOA and filler activity (silence vs. articulatory suppression). In particular, in the articulatory suppression condition, the decline in accuracy was linear and reached asymptote after 45 s. On the other hand, in the silent condition, accuracy was maintained with delays of up to 15 s and then declined, with asymptotic performance being reached by 60 s. Gilson and Baddeley (1969) interpreted their data as suggesting the existence of two tactile memory processes: A sensory form of tactile memory that is unaffected by articulatory suppression and is present mainly at short intervals, and another one observed at longer intervals, which is maintained by some rehearsal processes. However, using the same type of task, Sullivan and Turvey (1972) found no interaction between filler activity and SOA. Both in the silent and in the articulatory suppression conditions, the decline in performance reached asymptote after an interval of 5 s. Thus, contrary to the results of Gilson and Baddeley's experiment, the absence of any interaction in the study by Sullivan and Turvey suggests a more unitary model of tactile memory, composed of a decaying and unrehearsable form of storage.
In addition, Miles and Borthwick (1996) used the same tactile Brown-Peterson paradigm with three filler activity conditions: silence, articulatory suppression, and tactile interference. Performance was impaired in both the articulatory suppression and tactile interference conditions, as compared with the silent condition. In addition, no interaction was found between filler activity and SOA. The authors concluded that articulatory suppression and tactile interference operate on different mechanisms underlying the ability to recall tactile stimuli. That is, tactile interference reduces the discriminability of the target location, whereas articulatory suppression diminishes the central processing resources involved in the memorization of the original target location. Miles and Borthwick underlined the fact that such memory processes need not necessarily be underpinned by an articulatory code. Overall, these studies, using a single stimulus presentation, support the existence of a tactile STM system. However, no convergence was found concerning either the nature of the encoding of tactile information or the precise rate of temporal decay. Mahrer and Miles (2002) investigated people's memory for sequences of tactile stimuli. In their study (Exp.1), participants had to assess the similarity of two tactile sequences. The two sequences were presented at variable delays with three conditions of filler activity: silence, articulatory suppression, and tactile interference. The results revealed that performance was impaired by between-sequence articulatory suppression, but not by either silence or tactile interference. This result suggests that the encoding of tactile sequences has a verbal component (and therefore can be rehearsed). However, the participants' performance remained higher than chance even in the articulatory suppression condition. The authors thus suggested that additional encoding strategies may have been involved, and in particular, they suggested that participants use spatial imagery (for the link between touch and imagery, see also Heller, 1980; Warren & Rossano, 1991) , which has been shown to be immune to concurrent articulatory suppression (see, e.g., Logie, 1986) . To investigate this proposal, the authors used a diagrammatic representation of the hand (Mahrer & Miles, 2002, Exp.3) and showed that seeing the second sequence presented either to the hand or on a diagrammatic representation of a hand improved recognition, as compared with a condition in which the second sequence was only presented in the tactile modality. The results of Mahrer and Miles's study therefore reveal that our memory for tactile sequences does not rely solely on the retention of sensory traces, but also involves the deployment of strategies utilizing a combination of verbal rehearsal and visuospatial recoding.
In the present study, we found (in Exp.2) a global decrease in performance in the articulatory suppression condition as compared with the silent condition, with no significant interaction with SOA. This result could be taken to suggest that, in the paradigm used here, it is unlikely that participants relied solely on a verbal code to perform the task. It might be the case that, in these experiments, the simultaneous presentation of stimuli as well as the use of very short delays impaired the participants' ability to rely on verbal encoding of the locations where the tactile stimuli were presented. In addition, the results of Experiment 2 also revealed that participants' performance remained higher in the partial-report than in the numerosity task, and that this was the case no matter whether the participants performed a concurrent articulatory suppression task or not.
Finally, Experiment 3 was designed to investigate whether or not simultaneously presented tactile stimuli are encoded similarly when they are presented on the fingertips versus when they are presented across the rest of the body surface. We hypothesized that the greater sensitivity and practice of experiencing/discriminating tactile stimuli on the fingertips than on the rest of the body (see Weber, 1846, and Weinstein, 1968 , for pioneering work on variations in tactile sensitivity between different body sites) might differentially constrain the duration, capacity, and/or access to tactile information presented in different locations on the body surface. Consistent with this view, a study by Murray, Ward, and Hockley (1975) successfully highlighted the link between tactile sensitivity and tactile memory. They determined the "tactile sensitivity" of 12 different body sites by measuring the smallest distance between two stimulated locations that were indistinguishable from the stimulation of just a single point (two-point discrimination threshold). The researchers then determined a "memory threshold" for six of these body sites by touching two nearby points at these locations with variable delays between them and asking the participants whether or not they thought they had been touched in the same place on both occasions. The authors found that the higher the tactile sensitivity of a given body location, the lower the degree, or rate, of forgetting at that location. The results of Experiment 3 in the present study revealed better performance when the stimuli were presented to the fingertips than to the rest of the body surface. However, the results did not reveal any other differences between the two locations of stimulus presentation. Thus, greater sensitivity on the fingertips than on the rest of the body surface would seem to involve greater STM capacity but no difference in encoding processes.
In summary, the experiments reported here show, with procedures similar to those used previously in visual studies, that short-lasting information regarding tactile stimuli that is not accessible during full-report procedures can still be accessed when partial-report procedures are used instead. In addition, the three experiments reported here allow further clarification concerning the nature of such tactile STM. In particular, they reveal that information concerning the locations that were tactually stimulated is not stored in an exclusively tactile format (Exp.1). In addition, such encoding of spatial locations is not solely linguistic in nature (Exps.2 and 3). Finally, the STM capacity for stimuli presented on the fingertips is greater than for stimuli presented across the rest of the body surface, in the absence of any difference in the encoding processes (Exp.3).
